Chromatin reorganization is necessary for pluripotent stem cells, including embryonic stem cells (ESCs), to acquire lineage potential. However, it remains unclear how ESCs maintain their characteristic chromatin state for appropriate gene expression upon differentiation. Here, we demonstrate that chromodomain helicase DNA-binding domain 2 (Chd2) is required to maintain the differentiation potential of mouse ESCs. Chd2-depleted ESCs showed suppressed expression of developmentally regulated genes upon differentiation and subsequent differentiation defects without affecting gene expression in the undifferentiated state. Furthermore, chromatin immunoprecipitation followed by sequencing revealed alterations in the nucleosome occupancy of the histone variant H3.3 for developmentally regulated genes in Chd2-depleted ESCs, which in turn led to elevated trimethylation of the histone H3 lysine 27. These results suggest that Chd2 is essential in preventing suppressive chromatin formation for developmentally regulated genes and determines subsequent effects on developmental processes in the undifferentiated state.
INTRODUCTION
In multicellular organisms, proper expression of lineagespecific genes is essential for various types of cell differentiation. These genes are regulated through global chromatin reorganization in undifferentiated cells. Embryonic stem cells (ESCs), which are derived from the inner cell mass of a blastocyst, possess the potential to differentiate into multiple lineages and maintain their preparatory state for the expression of differentiation-associated genes that respond to differentiation signals. Such responses are enabled by loosening of the chromatin structure in ESCs and less repressive heterochromatin compared with that in differentiated cells (1) . Regulation of the chromatin structure has been shown to be essential to maintain the differentiation potential in ESCs.
A known modulator of structural changes in chromatin is post-translational modification of the histone tail in histones H3 and H4. High levels of histone post-translational modifications associated with active transcription, such as hyperacetylation of H3 and H4, have been observed in undifferentiated ESCs (2) . Moreover, markings with active trimethylation of histone H3 lysine 4 (H3K4me3) and repressive trimethylation of histone H3 lysine 27 (H3K27me3) are two characteristics of developmentally regulated genes in ESCs. This coexistence of active and repressive epigenetic regulators is called a bivalent state (3) . Studies on histone-modifying enzymes involved in the bivalent state, such as Polycomb repressive complex 2 (PRC2), have revealed that these histone modifications and modifying enzymes are essential for the differentiation of ESCs (4, 5) . In addition to histone modifications, characteristic histone variants have been found to mark distinctive transcriptional states and play an integral role in proper cell differentiation (6) . In particular, while the histone H3 variant H3.3 was first indicated to incorporate into a transcriptionally activated region (7) , recent studies have revealed that it also provides a foothold for transcription-suppressing modifications such as H3K27me3 and trimethylation of histone H3 lysine 9 (H3K9me3) in the heterochromatin of ESCs (8) (9) (10) . H3.3 knockdown was also shown to reduce the levels of H3K27me3 enrichment in the bivalent state and to alter the developmental potential of ESCs (9) . Therefore, the histone variant H3.3 itself plays a fundamental role in regulation of the differentiation potential in ESCs.
Histone modifications are recognized by chromatin regulators such as adenosine triphosphate-dependent chromatin-remodeling enzymes for sliding, evicting, assembling, spacing and replacing nucleosomes for proper gene expression (11) (12) (13) . These chromatin-remodeling enzymes are expressed abundantly in ESCs, and some have been indicated to be necessary for the functions of ESCs (14) (15) (16) . For example, chromodomain helicase DNA-binding domain (Chd)1 incorporates H3.3 into nucleosomes of Drosophila embryos and is essential for maintaining open chromatin and pluripotency in mouse ESCs (mESCs) (17, 18) .
Shen et al. and others have also reported the requirement for Chd2, a member of the SNF2 family of chromatinremodeling enzymes, for the normal differentiation of mouse myogenic and neural progenitor cells (19, 20) . Chd2-deficient mice have been demonstrated to exhibit a general growth delay and perinatal lethality (21) . These studies suggest that Chd2 plays an intrinsic role in normal mammalian development. However, its role in regulating developmental gene expression is poorly understood.
In this study, we examined the function of Chd2 in the regulation of differentiation potential using mESCs. We found that Chd2 is essential for the appropriate expression of developmentally regulated genes during differentiation, but it does not affect gene expression in the undifferentiated state. Furthermore, chromatin dynamics regulated by the interplay among Chd2, Oct3/4 and H3.3 in the bivalent state determines subsequent effects on differentiation processes.
MATERIALS AND METHODS

Cells
The mouse ESC lines EB5 and ZHBTc4 were kindly provided by Dr Hitoshi Niwa (22, 23) . The cells were cultured in Glasgow minimum essential medium (SigmaAldrich) containing 10% fetal bovine serum, 1000 U/ml recombinant leukemia inhibitory factor (LIF) (Nacalai Tesque Inc.), 1 mM sodium pyruvate (Nacalai Tesque Inc.), 0.1 mM non-essential amino acids (Nacalai Tesque Inc.), 0.1 mM ␤-mercaptoethanol (Nacalai Tesque Inc.) and penicillin/streptomycin (Nacalai Tesque Inc.). They were cultured on gelatin-coated plates at 37
• C in a 5% CO 2 incubator.
Differentiation of ESCs was performed by the induction of embryoid body (EB) formation in vitro. ESCs were suspended in medium without LIF and drops of 400 cells/20 l were transferred to the lid of a bacterial grade Petri dish (hanging drop method) (24) . These hanging drops were incubated for 2 days and subsequently 50 EBs were transferred to differentiation medium with 2% methylcellulose (Nacalai Tesque Inc.) in each well of 24-well culture plates. The EBs were cultured further and collected at 4 days after the withdrawal of LIF.
Generation of Chd2 mut/mut ESC lines
Chd2 genomic loci were disrupted using the CRISPR/Cas9 system (25) . Sequences of the form N20-NGG in the assigned region were first extracted using Bowtie software (version 0.12.8) (26) . Then, unique sequences, such that their variations with less than three mismatches do not exist outside the considered region, were selected as candidates for gRNAs. We predicted potential off-target sites using the 14 bp on the 3 end of each guide sequence with Bowtie, as in previous studies (26) (27) (28) (heterozygote mutant of Chd2) clones were obtained by detection of a frameshift mutation in one Chd2 allele using Sanger sequencing. Primers are listed in Supplementary Table S1. Next, to disrupt another allele of Chd2, pSp-gRNACas9 (BB)-2A-GFP was transfected into Chd2 WT/mut ESCs with plasmid-based donor repair templates, which contained the homology arms of both upstream and downstream of Chd2 exon 3 and the insertion reporter sequence of puro/2A/Halo. Transfected cells were cultured for 7 days in the presence of 2 g/ml puromycin. The cells were isolated into single cells and then subjected to PCR genotyping to select Chd2 mut/mut clones. The potential off-target sequences were predicted in five genomic lesions by a previously reported method, and off-target sequences were confirmed by Sanger sequencing. Primers are listed in Supplementary Table S1 . For rescue experiments, the pTETmKO2-Chd2 cDNA plasmid, which we had constructed previously (19) , was stably transfected into Chd2 mut/mut ESC lines and monomeric Kusabira-Orange 2 (mKO2)-positive cells were selected as rescue clones by fluorescence-activated cell sorting.
Immunoblotting and immunoprecipitation
Western blot analysis and immunoprecipitation (IP) were performed as described previously (29) . Each experiment was performed three times and each signal intensity was measured by CS Analyzer (Ato). Each value was normalized to Hsp90 protein levels. Simple western analysis was performed using Wes system (ProteinSimple), in accordance with the manufacturer's instructions. For immunoblotting, the primary antibodies included rabbit anti-Oct3/4 (H134, Santa Cruz Biotechnology, 1:1000), anti-Nanog (RCAB001P, Repro Cell, 1:1000), anti-Sox2 (EPR3131, Abcam, 1:1000), anti-Hsp90 (H114, Santa Cruz Biotechnology, 1:5000), rat anti-Chd2 (8H3, hybridoma supernatant, 1:100) (30), anti-H3.3 (4H2D7, hybridoma supernatant, 1:1000) (19) , anti-H3.1 (1D4F2, hybridoma supernatant, 1:1000) (19) , anti-H3 (1G1, hybridoma supernatant, 1:1000) (31) and anti-Brg1 (4E5, hybridoma supernatant, 1:1000) (32) . Secondary antibodies were horseradish peroxidase-conjugated anti-rabbit or antirat IgGs (GE Healthcare, 1:5000). For IP, cleared lysates were incubated with 4 g of antibody against Chd2 for 12 h. In these experiments, to eliminate the involvement of DNA in the interactions, cell extracts were treated with DNase (1 l; Promega), micrococcal nuclease (1 l; New England Biolabs) and ribonuclease A (1 l; Nacalai Tesque) at 37
• C for 40 min before IP, and then chromatin was confirmed to be digested into mono-nucleosome size.
Cell cycle analysis
Cell cycle analysis was performed by flow cytometry. Cells were collected by trypsinization and then centrifuged for 5 min at 190 × g. The cells were resuspended in 1 ml of phosphate-buffered saline (PBS) with Hoechst 33342 (Nacalai Tesque Inc.) and incubated for 15 min at room temperature. Stained cells were analyzed by a cell sorter (SH800; Sony) and divided into each cell cycle phase (G 1 , S and G 2 /M phases) based on the intensity of Hoechst 33342. The proportion of cells in each cell cycle phase was then calculated.
RNA-seq library preparation
Total RNAs from ESCs were obtained as described previously with biological duplicates (19) . Library preparation and sequence analysis were performed in accordance with a protocol described previously (33) .
RNA isolation, reverse transcription and RT-qPCR
Total RNA was isolated and reverse-transcribed using PrimeScript Reverse Transcriptase (Takara Bio Inc.) as described previously (19) . qPCR was performed using Thunderbird qPCR Mix (Toyobo Co., Ltd.). Primers are listed in Supplementary Table S1 . The data were normalized to Gapdh expression levels and are presented as the mean ± standard deviation of three independent experiments.
Teratoma formation
All animal experiments were approved by the Animal Care and Use Committee of the Research Institute for Microbial Diseases, Osaka University, Japan. Nonobese diabetic (NOD)/severe combined immune deficient (SCID) mice were purchased from Charles River Laboratories International, Inc. Teratomas were produced by the injection of 1 × 10 6 cells subcutaneously into the flanks of NOD/SCID mice. Tumor tissue samples that had developed by 3 weeks were surgically dissected and fixed in 4% formaldehyde before embedding in paraffin. Sections were stained with hematoxylin and eosin with a standard protocol.
Chromatin immunoprecipitation
ChIP assays were performed as described previously with some modifications (29 • C overnight with rotation. The immunocomplexes were eluted from beads using elution buffer (50 mM Tris-HCl, pH 8.0, 10 mM EDTA and 1% sodium dodecyl sulphate), followed by washing with ChIP buffer and TE buffer (both twice). Crosslinks were reversed by treatment with proteinase K (Nacalai Tesque Inc.) at 50
• C for 3 h and then at 65
• C overnight. DNA was purified using a QIAquick PCR purification kit (Qiagen). qPCR analysis of immunoprecipitated DNA was performed using Thunderbird qPCR Mix (Toyobo Co.). Relative enrichment was defined as the ratio of the quantity of amplified PCR product relative to 10% of the input genomic DNA. Quantifications represent the mean of three independent experiments ± standard deviation. The primers are listed in Supplementary Table S1 .
ChIP-seq and data analysis
ChIP libraries of H3K27me3, H3K4me3, H3K27ac and H3.3 were prepared using the NEBNext Ultra DNA Library Prep Kit for Illumina (New England Biolabs) with biological duplicates. The libraries were sequenced on Illumina HiSeq 1500 sequencers. The ChIP-seq data of Chd2 and Oct3/4 in mESCs were obtained from a public database (ENCSR531HWD and SRS000521) (36, 37) . Sequence reads were aligned to the reference mouse genome (mm9) using Bowtie 2 software (version 2.2.3) with default options (38) . To analyze the ChIP-seq data, we counted the number of ChIP-seq unique tags in each 1 kbp width and 100 bp sliding window on the genome and normalized the data as reads per kbp of transcript per million mapped reads (RPKM) (39) . To visualize ChIP-seq data with Integrative Genomics Viewer (IGV; version 2.3), signal intensities (SIs) were calculated as the RPKM of the ChIP sample with the RPKM of the input subtracted. The heatmap was created by hierarchical clustering (Ward's linkage with Euclid distance) using SIs of three histone modifications in a ±5 kbp window, consisting of 200 bp × 50 signal bins, around the transcription start site (TSS). The SIs were calculated using agplus (40) . Three gene subsets were, as defined by Mikkelsen et al. (41) , bivalent genes with H3K4me3 and H3K27me3, active genes with only H3K4me3 and high expression over the 80th percentile, and silent control genes with no modifications or expression (Supplementary Table  S2 ). The binding sites of Chd2 and Oct3/4 were identified by MACS (version 2.0.10) (42) using the options -summitp 7e-3 and -broad -p 1e-3. Peaks were annotated according to their proximity to TSSs using HOMER (43) . The motif enrichment analysis was also carried out using HOMER with default options (43) . The targeting genes were identified within ±50 kbp from each binding site. We clustered Chd2 binding genes into active, bivalent and other states using the intensities of histone modifications around TSS using ChIP-seq data of WT mESCs. Then, Gene Ontology analysis in each cluster was performed with clusterProfiler (44) .
To compare the intensities of ChIP-seq signals between different ChIP samples prepared from different inputs, we performed between-sample normalization. First, means of counts on genomic windows (TSSs ± 5 kbp) were calculated for all genes in all inputs and ChIP samples. Next, between-sample normalization using the median of ratios of normalized values to geometric means of the values (geometric normalization) (45) was applied to correct the different library sizes for all input and ChIP counts. Finally, the (log-transformed) normalized input counts were subtracted from the corresponding (log-transformed) normalized ChIP counts.
Scatter plot of ChIP-seq
The reads were counted for H3K27me3, H3.3 and the input ChIP-seq within 2 kbp of the TSSs of all genes using the featureCounts software (44) for biological duplicate samples. The counts were normalized using the R library DESeq2 (46) . The genes were categorized into two groups: those with higher H3K27me3 levels upon Chd2 depletion (red: H3K27me3 high:Chd2− ) and those with lower ones (blue: H3K27me3 low:Chd2− ) (similarly for H3.3). The log2 fold changes of the normalized counts from input for WT and Oct3/4 depleted ESCs were plotted for each group.
Proximity ligation assay (PLA)
Proximity ligation was performed using a Duolink In Situ PLA (Sigma-Aldrich) in accordance with the manufacturer's instructions, except that the oligonucleotideconjugated anti-rabbit probe was used at 1:40 and the antirat probe conjugated by a Duolink In Situ Probemaker was used at 1:160. Three images were taken from each sample with a fluorescence microscope (BZ-X700; Keyence). The primary antibodies included rat monoclonal antibody against Chd2 (1:200) and H3.3 (1:1000) described above, and rabbit polyclonal antibodies against H3K27me3 (07-449, Millipore, 1:1000) and H3K4me3 (07-473, Millipore, 1:1000).
Statistical analysis
Statistical significance in RT-qPCR, ChIP-qPCR and PLA data was evaluated using Student's t-test.
RESULTS
Chd2 depletion is independent of the capacity for self-renewal in undifferentiated mESCs
Because chromatin-remodeling factors, such as Chd1 and INO80, are required for maintenance of the self-renewal and pluripotency of ESCs (17,47), we explored the role of Chd2 in undifferentiated ESCs. First, to generate Chd2-depleted ESC lines, we disrupted both Chd2 alleles by the genome editing method (25) . Using the CRISPR/Cas9 system, we introduced a frameshift mutation into exon 3 of one allele and inserted inactive sequences into exon 3 of the other allele by homologous recombination ( Figure 1A and Supplementary Figure S1A-C). We obtained two independent clones. Western blot analysis demonstrated depletion of Chd2 protein in these cells ( Figure 1B and Supplementary Figure S2A ). Off-target sequences predicted in advance were confirmed to be intact by Sanger sequencing (Supplementary Figure S1D ). Next, we examined the effects of Chd2 depletion in the undifferentiated state by comparing wild-type (WT) and Chd2-disrupted (Chd2 mut/mut ) mESCs. Chd2 depletion led to minimal morphological changes in ESCs under bright field observation ( Figure 1C ). Moreover, flow cytometric analysis revealed that the proportion of Chd2 mut/mut ESCs in each stage of the cell cycle did not significantly differ from that of WT ESCs ( Figure 1D ). To determine the effect of Chd2 depletion in detail, we performed whole transcriptome profiling of WT and Chd2 mut/mut ESCs by RNA sequencing (RNA-seq) ( Figure 1E ). Analysis of the data indicated that the expression level of each gene did not change drastically, with only 52 genes downregulated and 29 genes upregulated in Chd2 mut/mut mESCs compared with their levels in WT mESCs (Supplementary  Table S3 ). Expressed gene profiles of fragments per kilobasepair of transcript per million mapped reads (FPKM) greater than five were almost the same between WT and Chd2 mut/mut mESCs ( Figure 1F ). In addition, Western blot analysis with quantification revealed that protein expression levels of master transcription factors in ESCs, such as Oct3/4 and Nanog, remained unchanged upon Chd2 depletion ( Figure 1B and Supplementary Figure S2A) . These results suggest that Chd2 might not affect the capacity for self-renewal and expansion of undifferentiated ESCs.
Chd2 maintains the expression potential of developmentally regulated genes upon differentiation
Previous studies have shown that some chromatinremodeling factors and histone modifiers are required for ESC differentiation, despite their small effect on pluripotency factor gene expression (12, 13, 48, 49) . To evaluate the developmental potential of Chd2 mut/mut ESCs, we analyzed gene expression during differentiation of EBs in vitro (50) (Figure 2A ). RT-qPCR (n = 3) showed limited upregulation for early differentiation markers, such as endoderm markers Gata6 (P = 0.018) and Foxa2 (P = 0.046), mesoderm markers T (P = 0.039) and Hand1 (P = 0.003), and ectoderm marker Nes (P = 0.047), in EBs derived from EBs similar to that in WT EBs, such as Pou5f1 (P = 0.06), Nanog (P = 0.13) and Sox2 (P = 0.35) ( Figure 2B ). To confirm a Chd2-specific function upon ESC differentiation, we rescued the depletion of Chd2 expression via exogenous introduction of full-length Chd2 cDNA in Chd2 mut/mut ESCs (Supplementary Figure S3B-D) . As expected, RTqPCR showed that the introduction of full-length Chd2 restored the expression of differentiation markers to levels comparable to those in WT EBs upon differentiation (Figure 2B) . Next, we examined the effect of Chd2 depletion at the later stage of differentiation. We injected WT and Chd2 mut/mut ESCs subcutaneously into immunodeficient mice and observed teratoma formation after 3 weeks ( Figure 2C and Supplementary Figure S4A) . Histological analysis showed that both Chd2 mut/mut and WT ESCs formed teratomas containing cells representative of all three embryonic germ layers, but Chd2 mut/mut teratomas contained predominantly glandular tissue and less skeletal muscles and neural tubes compared with WT teratomas ( Figure 2D and Supplementary Figure S4B ). To confirm these changes, we isolated RNA from WT and Chd2 mut/mut teratomas. RT-qPCR (n = 10) analysis confirmed the downregulation of marker genes for myogenic and neural differentiation, such as Myod1 (P = 0.004) and Nes (P = 0.01), in Chd2 mut/mut teratomas. The expression levels of a housekeeping gene, Eef1a1, were similar in WT and Chd2 mut/mut ESCs ( Figure 2D and Supplementary Figure  S4C) . Collectively, these results demonstrate that Chd2 is required for the proper upregulation of developmentally regulated genes upon differentiation.
Chd2-dependent developmental genes are in the bivalent state in undifferentiated mESCs
Next, we explored the chromatin state in Chd2 mut/mut ESCs because Chd2 has been shown to be involved in chromatin regulation. Our data indicated that Chd2 did not affect the whole transcriptome profile of ESCs ( Figure 1E and F) . Previous studies also reported that no drastic change in the transcriptome was observed upon depletion of the histone modifiers Eed and Suz12, and also that of histone H3.3 itself (9,48). We first detected Chd2 binding around pluripotency-related genes such as Nanog using chromatin IP followed by sequencing (ChIP-seq). In addition, Chd2 binding was also observed around developmentally regulated genes such as Gata6, T and Nes at lower levels (Figure 3A) . Next, Chd2-enriched regions were peak-called by model-based analysis for ChIP-seq (MACS) (42) , and 60% of them were enriched in proximity to gene loci ( Figure  3B ). Moreover, Gene Ontology analysis on Chd2 binding genes showed that development-related terms such as cell fate commitment and differentiation were associated with these genes in the bivalent state (Supplementary Figure S5A and B). Moreover, developmentally regulated genes have been reported to be expressed at lower levels in ESCs, and the chromatin states of the reported genes were found to be bivalent, that is, marked with both active H3K4me3 and repressive H3K27me3 (3, 41) . Therefore, to examine genome-wide Chd2 co-enrichment with histone modifications, we performed ChIP-seq of histone modifications (H3K27ac, H3K27me3 and H3K4me3) in WT mESCs. As reported previously (3, 41) , the developmentally regulated genes, Gata6, T and Nes (Figure 2) , were found to be located in bivalent loci, and pluripotency-related genes such as Nanog were marked with H3K4me3 ( Figure 3A) . We analyzed the Chd2 signal intensities by focusing on TSSs (±1 kbp) in the three gene subsets (active, bivalent and silent control genes) defined by Mikkelsen et al. (41) . The data showed that the Chd2 signal intensity was higher at active and bivalent genes than at silent control genes ( Figure 3C ). Furthermore, we evaluated Chd2 enrichment at the developmentally regulated genes after differentiation by ChIPqPCR with anti-Chd2 antibody using EBs. The results showed that the Chd2 enrichment level remained higher at the developmentally regulated genes such as Gata6, T and Nes, while it was low in the silent gene Myh1 (P = 0.026, 0.0012 and 0.0030) ( Figure 3D ). These findings indicated that Chd2 remained enriched after differentiation. A previous study suggested that Chd2 binding occurred at TSSs and was enriched at active genes (51) . Here, we found that Chd2 was also enriched at bivalent genes, albeit at lower signal intensities and that some of the developmentally regulated genes suppressed by Chd2 depletion were in the bivalent state. These results showed that Chd2 is also bound to developmentally regulated gene loci in the bivalent state, in addition to active genes, in undifferentiated ESCs.
Chd2 prevents suppressive chromatin formation at Chd2-dependent developmental genes
To understand how Chd2 depletion changes the chromatin landscape, we performed ChIP-seq of histone modifications in Chd2 mut/mut ESCs and compared the results with those in WT ESCs. We found that repressive H3K27me3 mark enrichment was significantly increased at bivalent genes upon Chd2 depletion (P < 2.2e −16 ), while the enrichment levels showed no significant change globally (Figure 4A and B) . Although Chd2 binding was also observed in the active state, we observed little change in H3K27ac and H3K4me3 enrichment at active genes ( Figure 4C and Supplementary Figure S6A) . The major effect of Chd2 depletion on histone modification was on H3K27me3 at the bivalent genes (Supplementary Table S4 ). ChIP-qPCR (n = 3) of histone modifications confirmed the increases of H3K27me3 levels around developmentally regulated genes [e.g. Gata6 (P = 0.036), T (P = 0.0076) and Nes (P = 0.0073)] and little change in H3K4me3 and H3K27ac levels around pluripotency-related genes [e.g. Nanog (P = 0.47 and 0.32, respectively)] (Figure 4D and E; Supplementary Figure S6B ). These results are compatible with our data indicating that Chd2 depletion did not affect transcription in undifferentiated ESCs and suppressed the upregulation of developmentally regulated genes upon differentiation (Figures 1E, F and 2B, D) . ChIP-qPCR showed that the enrichment of H3.3 and H3K4me3 was significantly suppressed at bivalent genes such as Gata6, T and Nes by Chd2 depletion after differentiation. This is consistent with the suppressed expression of these genes in Chd2 mut/mut cells (Supplementary Figure S6C -E). Taken together, our data suggest that Chd2 functions to tune H3K27me3 levels and prevent suppressive chromatin formation at the bivalent-state chromatin in undifferentiated ESCs to maintain proper differentiation potential.
Chd2 regulates H3.3 occupancy in developmental gene loci
We next attempted to understand how Chd2 depletion leads to increased H3K27me3 levels at developmentally regulated genes. Banaszynski et al. reported that H3.3 depletion leads to reductions in the H3K27me3 levels at bivalent gene loci in mESCs (9) . In addition, we and others previously demonstrated the involvement of Chd2 in the regulation of chromatin via incorporation of the histone variant H3.3 (19, 52) . Therefore, we hypothesized that Chd2 regulates H3.3 occupancy at developmentally regulated genes in ESCs. We analyzed the global association between H3.3 and H3K27me3 using a PLA (53, 54) in WT and Chd2 mut/mut mESCs. Substantial association of H3.3 with both H3K27me3 and H3K4me3 was observed in WT mESCs, which is consistent Recovery efficiency (mean ± standard deviation of three independent experiments) is expressed as enrichment relative to the input. *P < 0.05.
with previous studies (7) (8) (9) . We found that the interaction between H3.3 and H3K27me3 was significantly increased in Chd2 mut/mut mESCs compared with that in WT mESCs (P = 6.7 × 10 −10 ) (Supplementary Figure S7A) . Next, to determine whether Chd2 regulates local H3.3 occupancy at developmentally regulated genes in the bivalent state, we first evaluated genome-wide H3.3 incorporation by ChIPseq of H3.3 in WT and Chd2 mut/mut ESCs. The data revealed that H3.3 had accumulated at both bivalent and active genes in WT mESCs (Supplementary Figure S8A) . These results showed that Chd2 depletion caused a significant increase in H3.3 enrichment at bivalent genes, which was in contrast to the small changes observed at active genes, while no significant change in enrichment levels was observed globally ( Figure 5A ). We further evaluated H3.3 density normalized with total nucleosome occupancy using ChIP-seq of total H3. The data showed that H3.3 density was still increased at the bivalent genes upon Chd2 depletion (P = 0.0006), whereas a drastic change of H3.3 density was not detected at the active genes and genome-wide control (P = 0.96). Although not statistically significant, H3 enrichment was also found to be increased (Supplementary Figure S7B and C) . Overall, these findings indicate that Chd2 regulates the proportion of H3.3 in chromatin at developmentally regulated genes in the bivalent state. The increase of H3.3 enrichment at developmentally regulated genes was confirmed by ChIPqPCR (n = 3) [e.g. Gata6 (P = 0.016), T (P = 0.0045) and Nes (P = 0.017)] ( Figure 5B ). Overall, these findings indicate that Chd2 regulates the proportion of H3.3 in the nucleosomes at developmentally regulated genes in the bivalent state.
Chd2 is associated with Oct3/4 for H3.3 deposition in developmental gene loci
Because Chd2 has not been shown to bind to specific DNA sequences, we next investigated a carrier for recruitment of Chd2 into the genome. We have recently reported that Chd2 could be recruited by the myogenic transcription factor MyoD in myogenic progenitor cells (19) . Therefore, we hypothesized that Chd2 might interact with a master transcription factor in ESCs. We screened for binding factors of Chd2 in mESCs using the candidate approach by co-IP of Chd2. Oct3/4, but not Sox2, was identified as a Chd2 co-IP product in mESCs ( Figure 6A and Supplementary Figure S8B) . We further performed reciprocal co-IP of Oct3/4 and identified Chd2 as an Oct3/4 co-IP product (Supplementary Figure S8C ). Next, we further examined whether the Oct3/4 binding sequence was present in the Chd2-binding regions around bivalent genes using HOMER (43). As we expected, the motif annotated to Pou5f1 binding sequences was significantly enriched (P = 1 × 10 −27 ) in Chd2-binding regions around bivalent genes ( Figure 6B ). To confirm the co-recruitment of Chd2 and Oct3/4, we analyzed the genome-wide distribution of Oct3/4 using the ChIPseq data (37) . We identified Oct3/4 ChIP-seq peaks using MACS and found that a significant proportion (43%) of Chd2-binding genes overlapped with Oct3/4-binding genes. The overlapping genes included Chd2-dependent developmentally regulated genes (e.g. Gata6, T and Nes) (Supplementary Figure S8D ). Moreover, the data showed Oct3/4 binding around TSSs of both bivalent and active genes (Supplementary Figure S8A) . These findings suggest that Oct3/4 might be involved in Chd2 functions. Next, to evaluate Oct3/4 involvement in H3.3 deposition which was found to be correlated with Chd2 as described above, we performed PLA using ZHBTc4 cells in which Oct3/4 expression can be suppressed by doxycycline treatment (22) . Western blot analysis showed a reduction in the Oct3/4 protein level after 48 h of doxycycline treatment, with little change in Chd2 and H3.3 expression (Supplementary Figure S9A) . These results showed that the interaction between H3.3 and H3K27me3 was significantly increased upon Oct3/4 depletion (P = 0.015) in contrast to the decrease of the interaction between Chd2 and H3K27me3 (P = 0.0096) (Supplementary Figure S9B ). Moreover, to evaluate the requirement of Oct3/4 for the recruitment of Chd2, ChIP-qPCR of Chd2 was performed at the bivalent genes with and without Oct3/4 depletion. The results showed that the recruitment . ChIP-qPCR assay using anti-H3K27me3 and (G) anti-H3K27ac antibodies. Both bivalent genes (Gata6, T and Nes) and an active gene (Nanog) were analyzed in WT and Oct3/4-depleted ESCs. Recovery efficiency (mean ± standard deviation of three independent experiments) is expressed as enrichment relative to the input. *P < 0.05. the recruitment of Chd2 to the bivalent genes ( Figure 6C ). Finally, we performed ChIP-seq of H3K27me3 and H3.3. The results revealed an increase in H3K27me3 and H3.3 enrichment at bivalent genes upon Oct3/4 depletion, which was almost identical to the effect of Chd2 depletion (Figure 6D and E) . Although slight changes were detected at the active genes, the major effects of Oct3/4 depletion on H3K27me3 and H3.3 were observed at the bivalent genes according to effect sizes (Supplementary Table S4 ). ChIPqPCR (n = 3) confirmed the increases of H3K27me3 and H3.3 levels around developmentally regulated genes such as Gata6, T and Nes ( Figure 6F and G) . Moreover, significant overlaps were observed between the genes with higher enrichment levels by Chd2 depletion and by Oct3/4 depletion in both H3K27me3 and H3.3 ChIP-seq (Supplementary Figure S10A-D) . These findings suggest that Oct3/4 is involved in Chd2 recruitment to regulate H3.3 occupancy at bivalent genes.
Taken together, these results indicate that Chd2 associates and may collaborate with Oct3/4 in the regulation of H3.3 deposition at developmentally regulated genes in ESCs. Because a previous study showed that H3K27me3 enrichment requires H3.3 at bivalent genes (9), the increase of H3.3 enrichment appears to lead to the subsequent increase of H3K27me3 enrichment at developmentally regulated genes in Chd2 mut/mut ESCs. In our model, developmentally regulated genes are localized in the bivalent state that is regulated by Chd2. Bivalent-state chromatin may be maintained in a flexible form by Chd2 regulating the incorporation or eviction of H3.3 with appropriate histone modification levels in undifferentiated ESCs. This bivalent state of chromatin may be changed to the suppressive state with H3.3 accumulation and elevated H3K27me3 levels induced by Chd2 depletion. Thus, Chd2-mediated maintenance of the bivalent state enables proper gene expression in response to differentiation stimuli and subsequent normal differentiation ( Figure 7 ).
DISCUSSION
In this study, we found that the loss of Chd2 in mESCs results in the decrease of expression in differentiation-related genes after differentiation through a shift to a suppressive chromatin structure. To analyze the role of Chd2 in this process, we depleted Chd2 by the genome-editing method in mESCs. Chd2 depletion altered the proportion of nucleosomes to increase H3.3 enrichment, leading to elevation of the H3K27me3 level in the bivalent state. These changes in the chromatin landscape in turn led to suppression of the expression of developmentally regulated genes upon differentiation and subsequent differentiation defects, despite having little effect on gene expression before differentiation. Taken together, our findings suggest that Chd2 plays a key role in maintaining the differentiation potential via the formation of a proper chromatin structure for appropriate gene expression in response to differentiation stimuli in ESCs.
We found that Chd2-depleted mESCs demonstrated a defect in the expression of early developmentally regulated genes, whereas a previous report showed that Chd2-deficient mice displayed perinatal lethality (21) . In this previous study, the Chd2-deficient mice were not knockout mice but had instead been established from mESCs with retrotransposon-induced mutations. As a result, the truncated Chd2 protein might still have functioned on chromatin, causing a milder phenotype than that observed in the current study.
The reduction of H3.3 in mESCs was previously reported to cause a decrease in nucleosome turnover and H3K27me3 levels at bivalent loci with subsequent upregulation of developmental markers upon differentiation (9) . Interestingly, these changes upon H3.3 depletion are consistent with the phenotype of our Chd2-depleted ESCs with enhanced H3.3 enrichment at bivalent loci. Previous studies have shown that chromatin-remodeling enzymes of the Chd family cause spaced nucleosomes (52, 55) . Therefore, the nucleosomes at the bivalent state in H3.3-depleted ESCs probably remain spaced due to the presence of Chd2. In this case, the lack of newly incorporated H3.3 may result in a decrease of nucleosome density and hence upregulation of developmental markers. In the current study, the loss of Chd2 might have caused less flexibility in nucleosome turnover and resulted in H3.3 accumulation because of other H3.3-incorporating factors such as Chd1 or Hira. Chd2 might regulate the balance of assembly or disassembly of H3.3 at the bivalent loci, thereby maintaining proper differentiation potential.
A previous study reported a decrease in the incorporation of H3.3 in myogenic progenitor cells at myogenic genes upon Chd2 reduction (19) . Although the defect in differentiation potential was common to Chd2 depletion in both C2C12 cells and mESCs, the changes in H3.3 occupancy and histone modification at the bivalent loci were unexpectedly different. One reason for the differences between the two cell types might be the abundance of chromatinremodeling enzymes in ESCs. Although H3.3 incorporation has been reported to be modulated by other proteins, such as the closely related chromatin-remodeling enzyme Chd1 and histone chaperone Hira in ESCs (8, 18) , Chd2 might be a critical factor for H3.3 incorporation at the bivalent loci in C2C12 cells. Because the function of Chd2 in preventing suppressive chromatin formation at bivalent loci might be shared in common in the two situations, the subsequent defect in differentiation potential upon Chd2 depletion was similarly observed in both cell types. Interactions between Chd2 and H3.3 have also been indicated in other cell types. Chd2 knockdown has been reported to be associated with significantly elevated H3 occupancy and reduced H3.3 enrichment in DNase-hypersensitive sites of K562 cells (51) . In addition, a recent study revealed that Chd2 triggers the deposition of H3.3 at sites of DNA damage, which promotes efficient DNA repair in U2OS cells (52) . These findings suggest that the contribution to H3.3 deposition by Chd2-mediated chromatin remodeling and subsequent effects might vary according to the genomic location and cell type.
We observed changes in the nucleosome configuration only in the bivalent state upon Chd2 depletion, although Chd2 binding was observed around both bivalent and active state genes. The effect of Chd2 depletion on H3.3 incorporation and H3K4me3 at active gene loci was not observed, which is consistent with the fact that transcription was not affected. This suggests that chromatin regulation at the active genes could be independent of the function of Chd2. The reason for these results might be the functional redundancy of other chromatin-remodeling enzymes that are highly expressed in ESCs. For example, INO80, a member of another family of chromatin-remodeling enzymes, maintains an open chromatin architecture and is thus essential for the core pluripotency transcription circuit (47) . The mild phenotype of Chd2 mut/mut ESCs might be a result of the abundant redundancy in the active state and the major contribution of Chd2 to the maintenance of bivalent state chromatin in undifferentiated ESCs. Furthermore, owing to the unexpectedly mild phenotype, we propose a model in which regulation of the chromatin structure in the bivalent state by chromatin-remodeling enzymes determines the differentiation potential of ESCs without involvement of the core pluripotency transcription circuit.
We also found that Oct3/4, one of the master transcription factors in ESCs, associated with Chd2. In addition to maintaining pluripotency as a member of the core pluripotency transcription circuit, Oct3/4 has been reported to regulate developmental genes in ESCs (56, 57) . Furthermore, Oct3/4 was previously shown to interact with other chromatin-remodeling enzymes such as INO80 at pluripotency-related genes in ESCs (47) . The current study revealed that Oct3/4 participated in the regulation of the bivalent genes by interacting with chromatin-remodeling enzymes in ESCs. Furthermore, the recent study mentioned above showed that Chd2 is associated with the myogenic transcription factor MyoD in myogenic progenitor cells (19) . This might be a common model in which cell-typespecific transcription factors regulate nucleosomes by recruiting Chd2 in individual cell types. Because not all Chd2 binding was co-localized with Oct3/4 in our results, other transcription factors might regulate Chd2 deposition in ESCs. Collectively, the comprehensive combinations among transcription factors and chromatin-remodeling enzymes expressed in ESCs might facilitate the appropriate chromatin landscape necessary to maintain the unique functions of ESCs.
We report that Chd2 prevents the formation of suppressive chromatin in the bivalent state, and that the Chd2-mediated chromatin structure is associated with the proper expression of developmentally regulated genes. Recently, Chd2 mutations have been detected in some human diseases, including pediatric neurodevelopmental disorders and some hematological malignancies in adults (58, 59) . The defect in differentiation potential due to Chd2 dysfunction in chromatin organization could be one conceivable pathogenesis of these diseases. Thus, our findings demonstrate a novel role of Chd2 in normal development and may shed light on the molecular mechanisms underlying certain types of developmental disorders and cancers.
